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Late depression of muscle excitability in humans after
fatiguing stimulation
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1. Changes in muscle excitation and in isometric twitch force have been studied for up to 8 h
after fatiguing stimulation of the human biceps brachii.

2. Within 10 s of a cessation of the 20 Hz fatiguing tetanus, the amplitudes of the M waves
(muscle compound action potentials) had returned to control values, whereas the twitch
forces were reduced in all subjects. The M waves then decreased in amplitude over the next
3 h, reaching a mean value that was 42-4 + 186% of control levels (means + S.E.M.;
P < 0001).

3. By 8 h, the mean M wave amplitude had recovered to 93-8 + 33-3% of control levels, while
the corresponding mean twitch force was 104 1 + 36-9 %.

4. The cellular mechanism responsible for the depression of the M wave is presently unknown,
but it is likely to be postsynaptic and may involve Nae channels.

The muscle compound action potential (M wave) has been
used extensively as one of the indices of fatigue and
recovery in both human and animal studies. Thus, the
M wave, being the sum of the single muscle fibre action
potentials elicited by electrical stimulation, provides
important information regarding the net effects of ion
fluxes, Na+-K+ pump activity and neuromuscular
transmission. However, although there have been many
studies of muscle fatigue, few have been concerned with
long-term changes in muscle excitation. In most
experiments the observations have been terminated within
a few minutes of the end of the fatiguing contractions, at a
time when the M wave has returned to control values.

The impetus for the present study came from the
investigation of the M wave potentiation which accompanies
repetitive muscle excitation (Fitch & McComas, 1985) and
has been attributed to enhanced Na+-K+ pump activity
(Hicks & McComas, 1989). In such experiments we were
surprised to observe that, after initial recovery of the
M wave, the response underwent a gradual decline; however,
neither the full extent nor the duration of the decline were
measured (Cupido, Galea & McComas, 1996). Of other
investigators, only Lannergren, Larsson & Westerblad (1989)
appear to have noticed such late depression of the M wave,
and this was in single motor units of the rat tibialis anterior
muscle. In contrast to the situation for muscle excitability,
there have been several investigations of the recovery of
force after fatiguing stimulation and there is general
agreement that the responses to single shocks and low-
frequency stimulation may be depressed for several hours;

this phenomenon has been termed 'low-frequency fatigue'
and is attributed to impairment of excitation-contraction
coupling (Edwards, Hill, Jones & Merton, 1977). It is the
documentation of the long-term changes in muscle
membrane excitation, as expressed by the M wave, which
has been the objective of the present study.

A preliminary account of these results has appeared
elsewhere (Galea, McFadden, Cupido & McComas, 1993).

METHODS
Subjects
Nine male volunteers, aged 18-32 years (mean age + S.D.,
22-8 + 4 0 years) participated in the study and gave their written
informed consent. Although apparently healthy, all nine subjects
led sedentary lives and did not participate in any sports or other
exercise. The study carried the approval of the McMaster
University Ethics Committee.

Stimulating and recording arrangements
The subjects lay supine on a bed with the right elbow flexed at
90 deg and with the wrist attached to a U-shaped force transducer;
the latter was constructed of aluminium and the segment to which
the forearm was attached measured 7-5 cm x 4 0 cm. The system
was mounted on a braced metal upright, and fixed to the bed. The
transducer had a resonant frequency of 5-5 kHz and was linear
over the range of forces encountered in the study.

M wave responses were recorded over the main innervation zone of
the biceps brachii and a common reference electrode was placed on
the forearm just below the elbow. Both recording electrodes,
together with the ground electrode on the back of the hand, were
adhesive Ag-AgCl ECG electrodes (34 mm x 22 mm; Sentry
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Medical Products, Irvine, CA, USA). The Al wave responses were
fed through amplifiers witlh pass-bands of 5-10 kHz and, together
with the amplified force signals, were displayed on a variable
persistence oscilloscope (Model 141B, Hewlett Packard Ltd). The
electrical and mechanical responses were also entered into a digital
acquisition and analysis system. (CODAS, Dataq Instruments Inc.,
Akron, OH, USA).

The stimuli were rectangular voltage pulses, 01 ms in duration,
and were applied to intramuscular nerve branches in the rostial
pole of the biceps muscle thlough two lead plate surface electrodes
(35 mm x 25 mm). The stimulating electrodes were fastened to the
skin with adhesive tape and held in place for the duration of the
experiment with a lightly bound gauze bandage; care was taken not
to compress the underking nerve twigs. The stimulator (Model
3072, Digitimer Ltd, \Velwyn Garden City, Herts, UK) was
controlled by a digital timing device (Model 3920 digitimer,
Digitimer Ltd) via a gated pulse generator (Alodel 2521, Digitimer
Ltd).

Experimental procedure
W7ith the subject relaxed, four supramaximal stimuli, 01 ms in
duration and separated by 10 s, were used to obtain control values
of AI\ wave size and twitch force for comparison with the responses
to single shocks during the recovery period. The stimulus was
periodically checked, using the M wave as an index, to ensure that
it remained supramaximal throughout the experiment (intensities,
14-55 mA).

After the control observations had been made, a 20 Hz tetanus w-as
started and maintained until the tetanic force had dropped to 50%
or less of the initial value (mean tetanus duration, 4-7 + 1-7 min).
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The tetanus was then stopped and the recovery process was
examined with single testing stimuli; the interval between
successive stimuli u-as initially 10 s, and wXas gradually increased to
15 min. During this 2 h period, the subjects lay quietly on the bed.
Additional responses were elicited at 60 min intervals for a further
6 h; during this period the arm was immobilized in a sling, and the
subject was allowed to leave the laboratory.

To exclude the possibility of diurnal or other variations in muscle
responsiveness, five of the subjects participated in additional
experiments, each of 8 h duration. Throughout this period M waves
were monitored by single supramaximal stimuli. These experiments
differed from the previous ones in that there was no tetanic
stimulation.

Measurements
Using the CODAS system (see above) measurements were made of
the peak-to-peak amplitudes of the Al waves recorded in the
innervation zone of the biceps muscle. In addition, the areas of the
.AI waves and the time intervals between the negative and positive
peaks were also determined; however, because the shock artifact
tended to be large, the measurements of area were sometimes
unreliable and only those of amplitude have been presented. Twitch
force was measured in the usual way (Vandervoort, Quinlan &
.McComas, 1983).

Statistical analysis
Differences between selected mean values were analysed with the
Student's t test, while correlation coefficients wzere calculated using
the Pearson product correlation coefficient. AMean values in the text
are given with their standard deviations, wNhile standard errors of
the means are showNn in Fig. 1.
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Figure 1. Depression and recovery of M wave amplitude and force
AIean values + S..E.MI. are shown for the AM wave (-) ancl for twitch force (A) in the 9 subjects following
fatiguing stiimulation at 20 Hz.
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RESULTS
Fatigue development
Following initial potentiation, which lasted for
approximately 30 s, tetanic force quickly decreased, with
50% of mean force being lost by 130 s.

In keeping with previous observations (Cupido et al. 1996),
the M waves also potentiated early in the tetanus, with
increases occurring in both amplitude and area. The mean
amplitude then fell and there was an increase in the
duration of the response.

M wave changes after tetanization
After the 20 Hz tetanus ceased, the M waves quickly
resumed their control values; by 3 min, however, the
responses began to diminish (Fig. 1). The decline in mean
value continued for almost 3 h (10 000 s), the mean
amplitude reaching a value which was 42-4 + 18-6 % of
control levels (P < 0-001). The M waves then increased and,
by approximately 5'5 h (20 000 s), had almost attained
control values. Figure 2 shows the most striking example of
the changes in the M wave, recorded in one of the subjects.

In two subjects an additional brief tetanus was delivered at
the time of maximum M wave depression in order to see
whether the latter was reversible. However, the imposed
tetanus caused little enhancement of the M wave
(approximately 10%) and appeared to prolong the depression.

130 1

120

1100 1

C
2
c

a)

'0

E
a)

90

80

70

60

50

40

30

20

10

K

Additional experiments were performed to rule out the
possibility that the source of the changes in M wave
amplitude was caused by diurnal or other fluctuations in
muscle fibre excitability. In these experiments, performed on
five subjects, no tetanus was delivered but the usual
observations of M wave size were made over a period of
several hours. No significant change in M wave amplitude
occurred throughout this time.

Changes in twitch force during recovery
The recovery of force appeared to take place in three stages.
Thus, in Fig. 1 it can be seen that there was an initial phase,
in which approximately 60% of force had returned by
150-300 s. There was then a slight decline, followed by the
third phase, one of slow recovery.

DISCUSSION
Observations of muscle excitation in fatigue experiments are
usually terminated within a few minutes of the end of the
contractions, at a time when the M wave has returned to its
control size (e.g. Hultman & Sjoholm, 1983). The implication
in such studies is that excitability of the surface membrane
is unlikely to change, even though a depression of force to
single shocks or low-frequency stimulation is known to
persist for up to 24 h (Edwards et al. 1977). In the present
investigation, however, it has been shown that the M wave
undergoes a marked reduction in amplitude which may
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Figure 2. Severe M wave depression in a subject
The marked depression and subsequent recovery of M wave amplitudes are shown in a single subject
following 20 Hz fatiguing stimulation, together with recordings of M waves at critical time points. Each
recording was started 4 ms after stimulus delivery.
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persist for several hours. In animal studies, the only
previous mention of diminished muscle excitability after
fatigue appears to be that of Liinnergren et al. (1989), who
found evidence of this phenomenon in single motor units of
the rat tibialis anterior.

Possible causes ofM wave depression
The cellular mechanism responsible for the depression of the
M wave could be impaired neuromuscular transmission or

decreased excitability of the muscle fibre plasmalemma.
Direct stimulation of muscle fibres would provide one means

of deciding between these possibilities, but is not easily
achieved in human subjects. To ensure that intramuscular
nerve branches were not inadvertently stimulated, because
of their having lower thresholds than the muscle fibres, it
would be necessary to block neuromuscular transmission
completely. Also to achieve supramaximal stimulation of an
entire muscle would require very large currents (Merton,
Hill & Morgan, 1981), which would not only be painful but
could damage the skin.

Although the possibility of impaired neuromuscular
transmission cannot be tested directly, it seems, on

theoretical grounds, to be an unlikely cause of the changes in
the M wave. In the first place, the safety factor of the human
neuromuscular junction to single shocks or low-frequency
stimulation is appreciable, largely due to a high concentration
of postsynaptic Na+ channels (Flucher & Daniels, 1989),
especially in type II fibres (Ruff & Whittlesey, 1992).
Second, in experiments from our laboratory, we have
employed the same fatiguing protocol and animal
preparation as Lannergren and colleagues (1989; see above)
and have observed a fall in mean resting membrane
potential in rat tibialis anterior muscle fibres which is
usually commensurate with the depression of the M waves

(S. Kuiack & A. J. AIcComas, unpublished observations).
Such a finding wvould clearly place the site of dysfunction
beyond the neuromuscular junction.

In relation to the muscle fibre plasmalemma, there are at
least three possible mechanisms which might account for the
changes observed in the M wave. These mechanisms are:

reduced Na+-K+ pump activity, impaired inactivation of
Na+ channels and physical damage to the muscle membrane.

In relation to the first possibility, it is well established that
Na+-K+ pump activity is ultimately responsible for
maintaining the entire resting potential of the muscle fibre,
by compensating for the leakiness of the membrane to Na+.
In addition, the pump provides a small part (-5 to -10 mV)
of the resting potential directly, through its electrogenic
action (Hicks & MIcComas, 1989). Clearly then, if the pump
were to fail, depolarization of the muscle fibres and
depression of the Ai wave would result. Arguing against this
possibility, however, is the fact that the energy stores of the
muscle, necessary for driving the pump, return to normal
within a few minutes after fatiguing contractions, and there
is a similarly rapid clearance of fatigue-induced metabolites
from the muscle (cf Boska, Mloussavi, Carson, Weiner &

Miller, 1990). Also, the Na+-K+ pump has a large reserve
and only 2-6% of its capacity is utilized in resting muscle
(Clausen, 1986).

Although altered Na+ channel inactivation is, at first sight,
an equally unlikely explanation for M wave depression,
there are two genetic disorders in which the Na+ channel is
abnormal and marked reductions in M wave amplitude take
place over a period of many minutes, following voluntary or
stimulated contractions (McManis, Lambert & Daube, 1986).
In both these conditions, hyperkalaemic familial periodic
paralysis and paramyotonia congenita, the genetic mutation
prevents the normal fast inactivation of the Na+ channels
from taking place (Lehmann-Horn, Kiither, Ricker, Grafe,
Ballanyi & Riidel, 1987; Fontaine et al. 1990). It is not clear,
however, what the role of slow inactivation in these
disorders is (Cummins & Sigworth, 1996), and it is possible
that it is this type of inactivation which is involved in the
M wave depression found in the present study.

The final possibility, that of plasmalemmal damage, should
also be considered in view of the degenerative changes which
can take place in muscle fibres after intensive exercise. One
such change is 'streaming' of the Z-disc (Armstrong,
Warren & Warren, 1991). The attachment of the Z-disc to
the plasmalemma might induce minute tears in the latter.

Changes in twitch force during recovery
The complex three-phase recovery of twitch force has been
attributed elsewhere to differences in time course between
the force-potentiating and force-fatiguing processes (Garner,
Hicks & McComas, 1989). Again, the prolonged reduction in
twitch force observed in the present investigation is
consistent with other studies in which the responses to
single shocks or low-frequency stimuli have been depressed
for up to 24 h (Edwards et al. 1977). Since high-frequency
stimuli can elicit normal force, the low-frequency fatigue has
been attributed to defective excitation-contraction coupling.
In keeping with this explanation, a reduction in the release
of Ca2P from the sarcoplasmic reticulum has been
demonstrated in single mammalian muscle fibres during the
recovery period following tetanization (Westerblad, Duty &
Allen, 1993).

A surprising feature of the present study was the
discrepancy between the M wave and force during the later
part of the recovery period. For example, at 10 000 s, the
mean force was 70% of normal while the mean M wave
amplitude was only 42%. However, Sandow (1952) was the
first to show, by altering the ionic composition of the
bathing fluid, that the externally recorded compound action
potential of frog sartorius muscle could be reduced by 50%
or more without any decline in twitch force. Although a
similarly large safety factor for excitation-contraction
coupling may have been operating during the recovery
period in the present experiments, we cannot exclude the
possibility that some of the loss of force in the inactive
subjects resulted from the smallness of their M waves.
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In conclusion, we have provided evidence of a novel
phenomenon by wAhich the muscle fibre excitation, as
measured by the Al wave amplitude, remains depressed for
up to 6 h following low-frequency stimulation. Further
studies would be useful in showing whether or not similar
depression occurs after voluntary contractions, and also the
effect, if any, of exercise training on the phenomenon.
Altlhough the present study does not identify the
mechanism, the finding of a long-term depression in muscle
fibre excitability after fatiguing stimulation is one which is
likely to lead to new insights into the biochemistry of the
plasmalemma.
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